ABSTRACT
INTRODUCTION
In recent years, professional organizations, government agencies, and health-care institutions have promoted clinical guidelines to reduce practice variations, contain costs, and improve quality of care. Most guidelines are published in narrative formats supplemented by diagrams depicting clinical algorithms. The diagrams organize the narrative in a form that allows clinicians to quickly grasp guideline recommendations. Similarly, in clinical trial protocols, schema diagrams sketch the broad outline of a study. To provide of guideline-based computerized decision support, the medical knowledge embodied in guidelines must be formalized in computer models. The models must applicable to coded patient data to generate patient-specific recommendations. A number of guideline models that attempt to formalize clinical practice guidelines use diagrammatical methods for depicting control-of-flow relationships among recommendations [1] [2] [3] [4] [5] . The assumption is that a diagrammatic representation can be a bridge between informal narrative guidelines and a formal computable representation useful to clinicians not trained in computer science. Most guideline modelers, however, find that flowcharts cannot be translated easily into computable formalisms. Often the diagrams don't represent actual steps, but an idealized view. The diagrams may contain gratuitous sequencing of steps which would impede real implementation, but not the quick grasp of the gestalt of the guideline. Furthermore, often it is not clear what process is being depicted in diagrams. This paper clarifies the processes that we are trying to capture in our diagrammatic formalisms and characterize their properties. After studying several guideline-modeling methodologies and drawing upon our experiences in modeling guidelines and protocols, we developed a typology of four stereotypical processes modeled by these methodologies. This typology allowed us to analyze different intended uses of diagrams in narrative guidelines. It informs guideline developers of the distinctions that they should make explicit. Finally, it suggests that developers of guideline-modeling formalisms need to accommodate these processes in their models. METHODS In this study, we defined a process description to mean a specification of a collection of activities occurring over notional or real time. Thus, an algorithm may define a step-by-step problem-solving process that takes place mentally, while a care plan may describe a set of activities to be performed by health-care providers throughout a patient's hospitalization. Activities may be performed sequentially or concurrently, and performing them may depend on certain conditions being true. We analyzed the diagramming formalism proposed by the Society for Medical Decision Making [6] and formalisms of a number of different guideline modeling methodologies. They included EON [5] , an architecture for creating guideline-based decisionsupport system developed at Stanford University; Asbru [7] , a task-based guideline modeling and execution architecture jointly developed in Austria and Israel; GUIDE [4] , a guideline modeling methodology developed at University of Pavia; PRODIGY3 [2] , the third phase of the University of Newcastle's primary-care guideline modeling and execution system; PROforma [1] , a guidelinemodeling system developed at Imperial Cancer Research Fund; and GLIF3 [3] , a product of the Intermed Collaboratory, which is a joint project of researchers at Columbia, Stanford, and Harvard Universities. We also drew upon our experiences in modeling guidelines and protocols. RESULTS This paper proposes a typology of four modeling formalisms and the processes they typically model: (1) flowcharts for capturing problem-solving processes, (2) disease-state maps that link decision points in managing patient problems over time, (3) plans that specify sequences of activities that contribute toward a goal, and (4) workflow specifications that model care processes in an organization. The four formalisms in our typology may overlap in the processes they model. A plan of actions, for example, can be mapped to a workflow process when its actions are assigned to healthcare providers playing different roles. A flowchart may depict decisions and actions that are performed over time. In that case, a flowchart takes on the character of a disease-state map as defined here. Nevertheless, we believe that it is useful to distinguish these formalisms and the processes they model in conceptually distinct stereotypical forms.
Flowcharts
The Society for Medical Decision Making (SMDM) has published a proposal for standardizing the notation for encoding clinical algorithms [6] . In that proposal, a clinical algorithm is a step-by-step procedure for solving a problem that contains conditional logic. Elements of the procedure consist of clinical states, binary decisions that can be formulated as questions with yes/no answers, and sets of actions that should be performed ( Figure 1 ). The proposal outlines a diagramming convention for clinical algorithms of this type. Shadowed boxes represent clinical states; hexagonal boxes represent decisions; and rectangular boxes represent actions. Arrows connecting boxes are labeled "yes" or "no." Link boxes, represented by ovals, connect regions of the algorithm that may be separated by page breaks or intervening boxes and arrows. Textual annotations can be associated with each node in the algorithm. As these conventions indicate, this diagramming formalism is designed for paper-based dissemination of guidelines. Its conception of an algorithm consists of a rigid sequence of if-then-else statements that impose a specific ordering. It is limited to a simple decision model of yes/no questions. Nuances of decision making are represented as textual annotations. As a formalism for describing a sequence of decisions and actions that should be taken to solve a problem, the SMDM formalism has the advantage of simplicity and apparent clarity. Furthermore, the choice of decision variables and the sequence of decisions may reflect the sensitivity, specificity, and predictive power of the variables to classify patients into subpopulations for which a particular management strategy is appropriate [8] . A trained clinician, with the aid of textual annotations associated with each node, can interpret the intent of the algorithm and adjust for the occasional arbitrary ordering of the steps imposed by its linear sequencing requirement. However, a naïve computer-based implementation of the algorithm following this rigid sequencing of steps in its interactions with clinicians is unlikely to be acceptable. Such sequencing may differ from a clinician's own way of thinking and may take up valuable time unnecessarily.
Disease-State Maps
The PRODIGY3 guideline model presents a very different approach for modeling the flow of decision making in clinical guidelines. In the third phase of a project supported by the UK National Health Service to provide clinical decision support in primary care, PRODIGY3 developers designed their formalism to model chronic disease management guidelines. In this approach, the flow of a guideline is defined by a disease-state map that enumerates a set of patient scenarios requiring decisions and management alternatives available at the decision points ( Figure  2 ). Scenarios in a disease-state map represent combinations of disease states and treatment settings (e.g., hypertension treated with monotherapy). In each scenario, a clinician has a choice of management alternatives. Each alternative consists of a set of actions, such as adding an additional antihypertensive agent to a patient's drug regimen or increasing the dose of a prescribed medication. A decision model that ranks the alternatives according to an argumentation structure aids the choice among alternatives. This argumentation structure consists of absolute and relative rule-in criteria and absolute and relative rule-out criteria. Each management alternative can be refined into more specific decision-making processes. For example, the top-level choice may suggest prescribing an additional anti-hypertensive agent. The choice is refined into detailed decisions regarding particular agents based on a patient's current medication and on the patient's comorbidities. In the disease-state map approach, choosing a management strategy and acting on it lead to a new patient scenario. Thus, the set of all scenarios and management strategies form a transition network in which a patient's location changes over time. Unlike a flowchart that emphasizes modeling simple decisions embedded in a problem-solving procedure, the disease-state map explicitly models the aggregate process of making decisions over multiple clinician/patient encounters. The model defines a notional process in which a patient may start from a diagnosis state and progress through a sequence of clinical states and management strategies represented by the disease-state map. For example, if the patient's blood pressure is not controlled, she may progress to the state of being prescribed one or more antihypertensive medications. However, there is no presumption that a patient necessarily start from a particular start node, nor is there necessarily a terminal node in the process description. In PRODIGY3, the tasks of information management-acquiring and displaying information relevant for decision-making-are modeled separately in scenario-specific consultation templates that specify conditional actions. These actions are applicable before the provider makes a choice among treatment alternatives. Plans In contrast to PROIDGY3, where modeling decisionmaking in alternative scenarios is paramount, Asbru [7] adopts a model of processes for guidelines that emphasizes the flow of activities. Inspired by artificial intelligence work on planning, Asbru considers guidelines to be skeletal plans that are recursively refined into subplans. Plans are annotated by intentions (temporal patterns of actions and patient states to be achieved, maintained, or avoided). They also have set-up preconditions that should be achieved, filter preconditions that must be true for the plan to be executed, and post-conditions that hold after a plan is executed. Furthermore, they have activate, complete, suspend, and abort conditions that manage the state of plan execution. The plan is skeletal because the partial ordering among its subcomponents is pre-specified. Substituting subplans is allowed if they have effects similar to the original subplan. Each plan can be recursively refined. The planning approach does not model patient scenarios or complex decision making based on an argumentation structure. Plan selection can be based on satisfying filter and setup conditions, on matching the effects of a plan to target states, or on other parameters, such as required resources, the duration, and plan complexity [9] . Instead of modeling decision-making, Asbru's planning approach models guideline objectives in detail. It also models temporal constraints on actions to be performed, and various organization of subplan (sequential, parallel, anyorder, and cyclic) that are used to achieve plan objectives.
Workflow Specifications
A fourth approach to describing processes in guidelines and protocols is exemplified by the University of Pavia's guideline-based careflow systems [4] . In this approach, clinical guidelines provide the workflow process logic that, when combined with organizational knowledge, allows the use of workflow management systems to implement guideline-based patient workflow. Workflow management is concerned with automating procedures in which documents, information, or tasks are passed between participants according to a set of rules to achieve or contribute to an overall business goal. Workflow management represents business logic in terms of a process model that emphasizes the The Workflow Management Coalition defines a process as a network of activities and their relationships, criteria to indicate the start and termination of the process, and information about individual activities, such as participants, associated IT applications and data, etc. [10] . In this activitycentric view of guidelines, decision-making is one type of activity in the overall context of guidelinebased patient management. Thus, a guideline for ischemic stroke modeled by the Pavia group is characterized by a process that includes concurrent monitoring of complications and a sequence of neurological examinations and treatments for acute and subacute phases of the stroke. The two concurrent processes must end before a patient is discharged from the hospital. (Figure 3) . Like the planning approach exemplified by the Asbru language, the workflow model allows guideline authors to encode the timing and conditions for scheduling activities which may be concurrent. While the workflow approach emphasizes the coordination of participants in the healthcare process, it provides no facility for explicitly modeling the goals, intentions, and expected effects of activities.
Hybrid or Integrated Approaches
Most modeling methodologies take a hybrid approach to modeling processes in guidelines and protocols. At indeterministic-decision nodes, Pavia's guideline model specifies a URL through which a decision tree or an influence diagram can be invoked to assist a clinician. EON and GLIF3 incorporate the scenario and decision model of PRODIGY3. In addition, they provide a Branch Step that allows concurrent or unordered actions and decisions, and a Synchronization
Step that provides the basis for controlling continuation of the thread of execution when multiple sequences of actions converge. EON goes further to associate goals with guidelines and subguidelines and to drive decision-making based on satisfaction of these goals. EON also introduces the notion of specializing modeling primitives for different classes of guidelines and protocols [5] . Thus, it can simulate PRODIGY3 disease-state maps by creating a specialized guideline model that uses only the scenario and decision-making primitives in its clinical algorithm. It can also simulate the workflow-oriented model by augmenting its guideline model with an organization model that assigns care activities to roles played by agents in the organization. Like the Pavia group's careflow methodology, PROforma [1] integrate explicit models for decision making and task scheduling that informs the diagramming conventions used by a guideline modeler. Instead of using a workflow process model as the foundation, the PROforma approach extends the for-and-against argumentation structure of the Oxford System of Medicine [11] to include clinical tasks executed over time in a co-ordinated way. It uses an ontology of standard tasks consisting of Other GI Treatment Chemotherapy Surgery decisions, actions, enquiries (data requests), and plans (recursive decomposition of tasks). Each task in PROforma can have a goal, a precondition and a postcondition similar to Asbru plans. Scheduling constraints specify the execution order of the tasks (Figure 4) . Thus, the graphical depiction of PROforma tasks has the semantics of a constraint graph that is similar to a skeletal plan. At the same time, it has an integrated decision model based on an argumentation approach. DISCUSSION In this paper, we report the result of analyzing guideline-modeling methodologies to create a typology of four kinds of processes that guidelines depict. We argue that a guideline may describe four semantically distinct entities, namely an algorithmic problem-solving process; a map of disease and therapeutic states for which a guideline suggests considerations in making management decisions; a care plan that achieve certain goals; and a workflow process that coordinates multi-providers patient care. A guideline algorithm may give recommendations on problem-solving and decision-making steps for a particular end user. Another may give recommendations on the managing patients in a collection of clinical scenarios. A third guideline may specify treatment goals for different classes of patients, and a fourth one may describe a care plan that involves communication and coordination of care providers. Typically a guideline will contain elements from all four process models, with different emphasis on each depending on its target audience. We see the central roles that decision-making and activity coordination play in the guidelines. We see a variety of decision models: (1) a sequence of Boolean decision variables that end in recommended actions, (2) a for/against argumentation structure that weighs the benefits and evidences of a treatment strategy, and (3) decision-theoretic models that take patient preferences into account. We see the importance of modeling goals and care plan that may require coordination of multiple care providers. The challenge for developers who wish to create computer-interpretable guidelines is to create a formalism that allows these concepts and processes to be modeled coherently and intuitively.
